Introduction And Background
The incidence and prevalence of patients with heart failure (HF) is increasing at alarming rates. HF has become one of the largest cardiovascular epidemics of modern times. With an aging population, advancement of therapies and improved survival of patients with HF, this is going to continue to be a major epidemic [1] [2] [3] . HF is a global problem with an estimated prevalence of 38 million patients worldwide and that number continues to rise. It is the most common diagnosis among hospitalized patients aged 65 years and in high-income nations. Despite the significant advancements in HF therapy, the prognosis of HF remains worse than that of most malignancies. Approximately 50% of the HF population has HF with reduced ejection fraction (HFrEF). A small subset of these patients (0.5-5%) with HF respond poorly to standard guideline directed medical therapy (GDMT) and progress to chronic advanced HF [4, 5] . Among patients with HF, those with advanced age and higher co-morbidities (due to the extremely poor prognosis), palliative care had been the only option. Even though heart transplantation is an excellent treatment option for patients who are good candidates, the availability of suitable donor remains a limiting factor. continuous flow (CF) left ventricular assist devices (LVADs) holds the greatest promise. It does so by augmenting the circulation to meet the body's physiological needs thereby improving survival and quality of life.
The American Heart Association (AHA)/American College of Cardiology (ACC) guidelines for 2013 provide a Class IIa Level of recommendation (Level of Evidence: B) for LVAD therapy among a selected subgroup of patients [left ventricular ejection fraction (LVEF) < 25%, New York Heart Association (NYHA) Class III-IV functional status despite GDMT, including cardiac resynchronization therapy (CRT) when indicated with either high predicted 1-2 year mortality or dependence of continuous parenteral inotropic support] in whom definite management like cardiac transplantation or cardiac recovery is anticipated. It also suggests that the use of nondurable mechanical circulatory support (MCS), including the use of percutaneous and extracorporeal ventricular assist devices (VADs), is reasonable as a "bridge to recovery" or "bridge to decision" for carefully selected patients with HFrEF with acute, profound hemodynamic compromise (Level of Evidence: B) while durable MCS is reasonable to prolong survival for carefully selected patients with Stage D HFrEF (Level of Evidence: B) [6] . The focused update of the ACC/AHA guidelines from 2017 reflects no changes to these recommendations [7] .
Review Stage D heart failure and treatment: emerging role of LVADs
Various terminologies have been used to describe the group of patients who are classified with ACC/AHA stage D HF, including "advanced HF," "end-stage HF," and "refractory HF." In the 2009 ACCF/AHA HF guideline, stage D was defined as "patients with truly refractory HF who might be eligible for specialized, advanced treatment strategies, such as MCS, procedures to facilitate fluid removal, continuous inotropic infusions, or cardiac transplantation or other innovative or experimental surgical procedures, or for end-of-life care, such as hospice." The European Society of Cardiology has developed a definition of advanced HF with objective criteria (Table 1 ) [8] . There are clinical clues that may assist clinicians in identifying patients who are progressing toward advanced HF ( Table 2 ) [9] . The Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) has developed seven profiles that further stratify patients with advanced HF (Table 3 ) [10] . Cardiac transplantation has been associated with excellent outcomes with a median survival of 10.7 years and survival, conditional on surviving to one year after transplant, reaching 13.6 years [11] . It also leads to significant improvement in the quality of life (QOL). In the United States, the number of candidates actively awaiting heart transplant increased dramatically from 2005 to 2019 by more than 300%. In January 2019, the number of patients waiting for a cardiac transplant was 3821 (as opposed to 1262 in 2005), suggestive of the fact that transplant rates have not increased at the same rate as listings [12] . The major limiting factor to the growth of the cardiac transplant program has been the limited donor supply. With the results of the PROCEED II (Randomized Study of Organ Care System Cardiac for Preservation of Donated Hearts for Eventual Transplantation) trial which has shown non-inferiority of ex-vivo preservation to cold ischemia undergoing cardiac transplant with standard donors, the geographic limit with cold preservation techniques may be a thing of the past [13] . Nevertheless, despite the promise of more usable organs, with the donor supply remaining flat, cardiac transplantation is unfortunately not the solution for the majority of the patients.
Fortunately, with the advent of MCS, transplant patients are able to receive mechanical support while they wait for an acceptable organ. LVADs are typically offered to transplant candidates who are developing end-organ damage despite maximal medical therapy with an anticipated long waitlist time (large size and/or blood type O recipient) ( Figure 1 ) [14] . These categories correspond to INTERMACS Level 1-3. The INTERMACS scale assigns patients with advanced HF into seven levels according to hemodynamic profile and functional capacity. Initial use of pulsatile-flow LVADs and total artificial hearts demonstrated an improved survival among patients with advanced HF treated with Bridge to Transplant (BTT). The REMATCH study was the landmark study published in 2001 that demonstrated improved survival in advanced HF patients ineligible for transplantation treated with LVAD vs. optimal medical therapy [15] . More recent studies have shown continued improvement in survival and quality of life in patients implanted with CF LVADs compared with first-generation pulsatile devices ( Table 4 ). The HM II was the first CF LVAD to receive US Food and Drug Administration approval for commercial use as BTT therapy for patients with advanced HF waiting for a heart transplant. CF devices are now predominantly used for BTT [16] . Recent registry data demonstrate that the use of the HM II as BTT has increased since 2008, and in 2011 about 30% of patients at the time of listing were implanted with an HM II. The annual mortality of status 1A and 1B patients on the United Network of Organ Sharing (UNOS) waiting list has decreased in recent years, which correlates with an increase in HM II use. With the recently published data from MOMENTUM 3, which was primarily designed to test the non-inferiority of the HeartMate 3 LV assist system to the HeartMate II LVAD (Figure 2 ), there were better outcomes at six months than implantation of an axial-flow pump, primarily because of the lower rate of reoperation for pump malfunction [17] .
FIGURE 1: Plain radiograph and maximum intensity projection (MIP) computed tomography (CT) images showing Heartmate II left ventricular assist device (LVAD).
Black arrow -inflow cannula; white arrow -pump; turn arrow -band relief; black star -outflow cannula. 
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Indications for mechanical circulatory support
There are four major indications for the use of LVADs:
1. Bridge to destination: this indication is for heart transplant patients who are either too sick to wait for the donor to be identified because of severe acute or acute on chronic HF, or have contraindications (that are deemed transient) to transplantation.
Destination therapy:
LVADs are used as lifelong support as an alternative for transplantation for patients deemed ineligible for heart transplantation.
3. Bridge to myocardial recovery.
4. Bridge to bridge: this is for patients who present with severe shock or following a cardiac arrest and are supported with a temporary support VAD to see if they become candidates for long-term support devices.
The most common indication, which constitutes 40% of all LVAD implantation according to data from INTERMACS, is for a bridge to destination therapy [17] . It is used when the best longterm option for a given patient is unclear at the time of LVAD implantation.
Data from the ISHLT (International Society of Heart and Lung Transplantation) registry show more than 33% of all patients who underwent transplantation have an LVAD [18, 19] . This percentage can vary according to countries and can be as high as 75% in programs where donor availability is low. Duration of mechanical support does not seem to have an adverse impact on mortality after cardiac transplant.
Inclusion/exclusion criteria and patient selection for LVADs
Centers for Medicare and Medicaid Services have established criteria for implantation of LVAD which are derived from the REMATCH (Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive Heart Failure) and HeartMate II destination therapy (DT) trials [20] .
1. Patients with NYHA functional Class IV symptoms who have failed to respond to optimal medical management, for at least 45 of the past 60 days, or have been intra-aortic balloon pump (IABP) dependent for seven days or IV inotrope dependent for 14 days.
Left ventricular ejection fraction of <25%, and
3. The functional limitation with a peak oxygen consumption of <14 ml/kg/min, unless on an IABP, IV inotrope, or physically unable to perform the exercise test.
Absolute contraindications include systemic illness with a life expectancy of fewer than two years or malignancy within five years, irreversible renal and hepatic dysfunction, severe obstructive pulmonary disease or other systemic diseases with multi-organ involvement [21] . However, LVADs may be an acceptable option for patients with recent cancer, which might theoretically be cured, but unlikely to have a five-year disease-free survival typically required for cardiac transplantation. Active infection with HIV or advanced end organ function such as serum creatinine of 3.0 mg/dL may not preclude patients from LVAD implantation [22] .
Presence of bleeding diathesis may be a serious contraindication for LVAD unless coagulopathy is caused by reversible hepatic dysfunction. Bleeding is one of the most common complications of LVAD with a four-fold increased risk of reoperation over standard open-heart surgery [23] .
The most common site of bleeding is in the upper gastrointestinal (GI) tract and is typically caused by or associated with development of arterial-venous malformations, primarily located in the stomach and early portions of the small bowel [24] [25] [26] . Recent attention has been directed at the uniform reduction in multimers of von Willebrand factor in the serum in response to non-pulsatile flow as an explanation for the increased bleeding association with continuous flow VADs [27, 28] .
Development of right ventricular (RV) failure is associated with the worse outcome if it develops after LVAD implantation. It is associated with higher mortality, greater risk of bleeding and/or re-operation, longer hospitalization and a higher rate of renal insufficiency [29] [30] [31] . The risk of RV failure occurs in up to 20% of patients especially in the setting of biventricular dysfunction in non-ischemic cardiomyopathy.
Moreover, all VAD patients should undergo a psychosocial evaluation by a trained mental health professional and social workers to ensure that are able to receive adequate postoperative care and medications before any decision for VAD implantation. Psychosocial predictors of poor post-implant outcomes are mental retardation, noncompliance, chemical dependencies (drug or alcohol), lack of adequate support system, personality disorders, underlying mental illness, and organic brain disorders [32] .
Severe aortic regurgitation needs to be corrected simultaneously with LVAD placement to avoid a closed loop circulation between LV and the ascending aorta. In most cases, a bioprosthetic valve is placed. In some cases, the aortic valve is completely closed surgically which makes the patient very sensitive to any VAD malfunctioning [33] . Mitral surgery is only necessary for the presence of significant mitral stenosis compromising LV filling. Intra-cardiac shunts are typically closed at the time of VAD implantation. Pre-existing mechanical or biological mitral or aortic prosthetic valves usually do not cause complications during LVAD implantation [34, 35] .
Active infection is a contraindication for VADs. Bacterial infections are especially dangerous but on the other hand, a controlled infection like HIV may not be a contraindication to VADs [36] [37] .
Evolution of LVAD technology
Mechanical circulatory devices (MCD) have been in use since the last three decades with initial devices trying to mimic natural (systolic and diastolic) hemodynamics of blood flow utilizing pneumatically driven left ventricular assist devices with unidirectional valves. Initial MCD liberated patients from extracorporeal membranous oxygenation until DT. In 2001, REMATCH trial was able to establish long-term suitability of MCD (HeartMate XVE) with 48% reduction in all-cause mortality (relative risk, 0.52; 95 percent confidence interval, 0.34 to 0.78; P = 0.001) for myocardial-replacement therapy in patients that were not eligible for heart transplant [38] . On the contrary, the device group showed twice the number of adverse events compared to medical therapy with the predominance of bleeding, infection and device malfunction. Black arrow -inflow cannula; white arrow -pump; black star -outflow cannula.
In CF-LVADs, pump blood flow is directly proportional to rotor speed and inversely proportional to the pressure differential between the left ventricle and aorta ( Figure 4) . Axial flow pumps show a steep and inverse linear relationship between flow and head pressure. In contrast, this relationship is flatter and more susceptible to head pressure changes (i.e., more sensitive to re-load and afterload) in centrifugal pumps. With the same change in pressure, centrifugal pumps generate larger changes in flow, ranging from 0 to 10 l/min, whereas the axial pump flow ranges from 3 to 7 l/min. These hydrodynamic characteristics of centrifugal pumps lead to a more pulsatile waveform, better flow estimation, and a lower risk of suction events (e.g., in a setting of dehydration, arrhythmias, or right ventricular failure) [37, 38] .
FIGURE 4: Coronal, axial, sagittal and volume-rendered 3D images showing 3rd generation left ventricular assist device (LVAD).
Black arrow -inflow cannula; turn arrow -pump; white arrow -outflow cannula.
Adverse outcomes and challenges with VADs
There is no doubt that LVADs have improved survival, functional capacity and QOL with advanced HF. However, only 30% of the recipients are free of any adverse effects within the first year [38] [39] [40] . The high burden of adverse effects associated with this therapy has been a limiting factor in offering it to patients without advanced HF. According to INTERMACS, the most common adverse effects (AE) (in declining frequency) include bleeding, infection, ventricular arrhythmias, respiratory failure and stroke [41] .
AE of LVADs can be classified into three broad categories:
1. AE intrinsic to the pump and its constituents (pump malfunction, controller faults, driveline faults, and short-to-shield malfunction)
2. Patient-related AE (ventricular arrhythmias, valvular insufficiency, and RV failure)
3. AE resulting from pump patient interface (acquired von Willebrand disease, infection, stroke and pump thrombosis)
RV Dysfunction
Most patients with advanced HF have some degree of RV dysfunction. However severe RV dysfunction is often a contraindication for lifelong VAD therapy. RV failure, which is defined as a need for prolonged inotropic support or the temporary use of an RV assist device, occurs in 10-40% of LVAD implants and can lead to the longer hospital stay and a higher risk of perioperative death [42] . Late-onset RV failure has emerged as a new clinical challenge and associated with poor survival and decreased QOL [43] .
Infections
Infection is now recognized as the leading cause of late mortality with an estimated prevalence of 8% and 18% at six months and 12 months respectively after diagnosis of driveline infection [41, 44] . Most infections start as superficial driveline infections but can progress over months to become deep tissue infections [45, 46] . The obligatory use of long-term antimicrobial therapy has led to the emergence of drug-resistant organisms such as Pseudomonas and Staphylococcus aureus.
LVADs and Ventricular Arrhythmias
Ventricular arrhythmias are common and frequently associated with increased mortality in patients with LVADs [47] . However, it is often suggested that sudden cardiac death is an uncommon mode of death in these patients. In some studies, patients with LVADs have been reported to survive for days to months despite being in rapid ventricular arrhythmias [48] [49] [50] and the postulated mode of death in these patients is primarily related to right heart failure and renal dysfunction.
The benefit of implantable cardioverter-defibrillators (ICDs) in patients with LVADs has remained unclear. Data for the effect of ICD on the survival of patients with LVADs have been conflicting and limited to observational studies with a smaller number of patients (12) (13) (14) (15) (16) (17) . However, in a recent meta-analysis of six observational studies [42] [43] [44] [45] [46] , including 931 patients with LVADs, presence of an ICD was associated with a 39% relative risk reduction in all-cause mortality (RR: 0.61; 95% confidence interval [CI]: 0.46 to 0.82; p < 0.01). Among subgroup of patients with CF-LVAD (n = 361), ICD use was associated with a statistically nonsignificant trend toward improved survival (RR: 0.76; 95% CI: 0.51 to 1.12; p = 0.17).
Emerging role of imaging in LVAD
Echocardiography remains the cornerstone of imaging in LVAD and the role of computed tomography (CT) is rapidly emerging among patients that have poor echocardiographic windows. Recent guidelines endorse the important role of echocardiography in various stages in the clinical care of LVAD patients ranging from preoperative patient selection, perioperative imaging, postoperative surveillance, optimization of LVAD function, troubleshooting of LVAD alarms and evaluation of native myocardial recovery. There are recommendations and protocols for the timing and performance of echocardiography during LVAD patient selection, device implantation, and postoperative management [48] [49] [50] . Discussion regarding this is beyond the scope of the article and the readers can refer to the document from the American Society of Echocardiography for details regarding that.
Periodic LVAD surveillance trans-thoracic echocardiographic (TEE) exams are recommended to establish patient-specific baseline parameters for both LVAD and native heart function. It should be considered at approximately two weeks after device implantation or before index hospitalization discharge followed by surveillance TEE at one, three, six and 12 months post implantation and every six to 12 months thereafter.
Cardiac CT is rapidly emerging as an important modality of imaging in this group of patients and is usually a problem-solving tool when echocardiographic images are difficult or poor. There have been reports on the utility of MDCT (Multi-detector CT) for detection of complications where echocardiography has been unyielding [44] [45] [46] [47] [48] [49] . There are also reports of the use of fluorodeoxyglucose/positron emission tomography (FDG-PET)/CT imaging for LVADrelated infections [49, 50] .
Conclusions
LVADs may prove to be a viable alternative to cardiac transplantation by providing long-term support without the major disabling AEs. With the ability to improve patient survival that is competitive with heart transplantation up to approximately two years, there has been dramatic improvement and progress of this therapeutic modality. While the focus on developing a more compatible device with improved durability and fewer AEs continues, the physicians taking care of this complex group of patients need to constantly keep themselves updated to ensure optimal care of the patients and recognize early signs of adverse effects and complications. This is especially true for primary care physicians/internists who are usually the "first contact" for a number of these patients. The future of fully implantable devices without the need for external driveline while reducing infection risk will also significantly improve QOL.
